The self-assembly of the dendritic dipeptides (4-3,4-3,5)nG2-CH2-Boc-L-Tyr-L-Ala-OMe and their achiral dendritic alcohol (4-3,4-3,5)nG2-CH2OH precursors, both with n ‫؍‬ 1-16, where n represents the number of methylenic units in the alkyl groups of the dendron, are reported. All chiral dendritic dipeptides and achiral dendritic alcohols self-assemble into helical porous columns that are stable in both solution and solid state. The pore diameter (Dpore) of the columns self-assembled from dendritic dipeptides is Ϸ10 Å larger than that of structures assembled from dendritic alcohols. The increase of the Dpore at the transition from dendritic alcohol to dendritic dipeptide is accompanied by a decreased solid angle of the building block. This trend is in agreement with previous pore size-solid angle dependences observed with different protective groups of the dipeptide and primary structures of the dendron. However, within the series of dendritic alcohols and dendritic dipeptides with various n, the Dpore increases when the solid angle increases. The results of these investigations together with those of previous studies on the role of dipeptide stereochemistry and protective groups on this self-assembly process provide the molecular principles required to program the construction of supramolecular helical pores with diameter controlled at the Å level from a single dendritic dipeptide architecture. These principles are expected to be valid for libraries of dendritic dipeptides based on dendrons and dipeptides with various primary structures. chiral dendrons ͉ porous supramolecular columns ͉ protein mimics ͉ peptide stereochemistry N atural porous proteins function as viral helical coats (1), transmembrane channels (2, 3), antibiotics (4), and pathogens (5), and their remodeled structures are used in synthetic systems for reversible encapsulation (6) and stochastic sensing (7). With few exceptions (8-10) porous protein mimics do not assemble, as the natural porous proteins do, into periodically ordered structures that are stable in both solution and bulk (11) (12) (13) (14) . This behavior limits their structural analysis by combinations of solution and solid-state complementary techniques. Recently our laboratory (15) reported the self-assembly of amphiphilic dendritic dipeptides into helical porous structures that are stable in both solution and bulk (15). Preliminary reports have demonstrated that the internal structure and the stability of the porous columns self-assembled from dendritic dipeptides are programmed by the structure and stereochemistry of the dipeptide (15, 16), the protective groups of the dipeptide (17), and the structure of the dendron (18) attached to the dipeptide. Here we are reporting a comparative study of the self-assembly and structural and retrostructural analysis of the supramolecular porous structures generated from libraries of (4-3,4-3,5)nG2-CH 2 -Boc-L-Tyr-L-Ala-OMe dendritic dipeptides and their achiral (4-3,4-3,5)nG2-CH 2 OH precursors with n ϭ 1-16. This series of experiments will provide the principles required to engineer at the molecular level biologically inspired functions via porous protein mimics self-assembled from dendritic dipeptides.
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Results and Discussion
The structures of the precursor dendritic alcohols (4-3,4-3,5)nG2-CH 2 OH and the dendritic dipeptides (4-3,4-3,5)nG2-CH 2 -Boc-LTyr-L-Ala-OMe with n ϭ 1-16 are shown in Scheme 1.
Preliminary data on the self-assembly of the dendritic dipeptide with n ϭ 12 in solution and solid state and on the demonstration that supramolecular structures assembled from the dendritic dipeptides with n ϭ 6 -16 are porous have been reported (15) . The self-assembly of (4-3, 4-3,5)12G2-CH 2 -Boc-L-Tyr-L-Ala-OMe is schematically illustrated in Fig. 1 (15, 16) . Here we present a comparative structural and retrostructural analysis of the supramolecular structures self-assembled from the libraries of achiral dendritic alcohols and dendritic dipeptides, with n ϭ 1-16 carried out by a combination of solid-state techniques that involves differential scanning calorimetry (DSC) and small-and wide-angle x-ray diffraction (XRD) experiments performed on powder and oriented fibers. The self-assembly in solution is investigated by a combination of CD and UV spectroscopies.
Structural Analysis by DSC and Small-Angle XRD. Fig. 2 shows the second heating DSC scans of dendritic alcohols and dendritic dipeptides. All phases were assigned with the aid of temperaturedependent XRD experiments. The first heating and cooling scans and the data collected from all three DSC scans are in Table 2 and Figs. 9 and 10, which are published as supporting information on the PNAS web site.
All solid samples are already self-assembled into supramolecular columns that have a circular cross section in the case of various hexagonal columnar lattices (⌽ h ) (⌽ h io , ⌽ h,g , ⌽ h,g io , and ⌽ h,k , where g is glassy, k is crystalline, and io is intracolumnar order), or in a slightly distorted ovoidal one in the case of rectangular columnar lattices (⌽ r ) [centered rectangular columnar (⌽ r-c ), simple rectangular columnar (⌽ r-s ), ⌽ r-c io , and ⌽ r-s io ]. It is interesting to notice that during the first DSC scan the dendritic alcohols with n ϭ 4, 6, and 8 self-assemble into circular columns that self-organize into ⌽ h phases. These columns become slightly distorted during subsequent heating and cooling scans and therefore self-organize into ⌽ r io phases. During the first heating scan the dendritic dipeptides with n ϭ 1, 2, and 4 form ⌽ r io phases, whereas during the second scan they produce glassy amorphous solids. Detailed results are in Tables 3 and 4 and Figs. 11 and 12, which are published as supporting information on the PNAS web site.
It is also interesting to notice that the dendritic alcohols with n ϭ 1 and 2 provide examples of nonamphiphilic dendrons that self-assemble into supramolecular columns. In all cases the stability of the hexagonal lattices self-organized from dendritic alcohols is Ϸ52-24°C higher than that of the corresponding dendritic dipeptides. The isotropization temperature of the periodic arrays self-organized from dendritic alcohols increases with n up to n ϭ 12 and 14 and subsequently decreases for n ϭ 16. In the case of the dendritic dipeptides the isotropization temperature increases continuously as a function of n up to n ϭ 16. In addition to the 2D liquid crystalline (⌽ h , ⌽ r-c , and ⌽ r-s ) and 3D crystalline (⌽ h,k ) lattices, all alcohols and the dendritic dipeptides with n ϭ 6, 8, and 10 self-assemble into structures with long-range io (⌽ h io , ⌽ r-c io , and ⌽ r-s io ) (17) . Porous supramolecular columns are identified by an increased amplitude of their (11), (20) , and (21) diffraction peaks, and the pore diameter (D pore ) is calculated by simulating their x-ray diffractogram (15) (16) (17) . Fig. 3 shows the small-angle XRD for the supramolecular assemblies of the dendritic alcohols and dendritic dipeptides. The first surprise comes from the inspection of the intensities of the XRD of dendritic alcohols (Fig. 3a) . The compounds with n ϭ 1-8 show intensities expected for porous supramolecular columns. In the case of both dendritic alcohols and dendritic dipeptides the highest intensities are observed at the lowest values of n. As n increases a continuous decrease of the intensities is observed. The column diameter (D col ) and D pore were calculated (Table 1) (15) (16) (17) , and their dependence on temperature is shown in Fig. 4 . -organized from (4 -3,4 -3,5) nG2-CH2-X with X ‫؍‬ Boc-L-Tyr-L-Ala-OMe and X ‫؍‬ OH, n ‫؍‬ 1-16 
Previously we have investigated at high temperature the dendritic alcohol with n ϭ 12 (15) . Within experimental error of our method at high temperature this dendritic alcohol did not assemble into a porous column (15) . However, the current study showed that at 25°C the dendritic alcohols with n ϭ 1-16 self-assemble into porous columns (Table 1 and Fig. 15 , which is published as supporting information on the PNAS web site). The compounds with n ϭ 10-16 exhibit D pore at the lower limit of our current calculation method (15) (16) (17) .
We have reported that in solid state D pore is constant below the glass transition (T g ) and strongly depends on temperature above T g (16) , Here, in agreement with previous results (17), we observe that D pore is constant even above T g for porous columns with io.
D col and D pore together with the number of dendrons () forming a column stratum and the projection of the solid angle of the dendron (␣Ј) (19) (20) (21) (22) are summarized in Table 1 . For the case of tapered dendrons the solid angle (␣) and ␣Ј are equal and therefore, for simplicity we will refer to ␣Ј as the solid angle. It is both unexpected and remarkable that all dendritic alcohols self-assemble into porous columns (Table 1 and Fig. 4c ). The dependences of (D col ) 2 on n for dendritic alcohols and dendritic dipeptides are shown in Fig. 4d . Their extrapolation to n ϭ 0 provides the values of the aromatic parts of the two columns. The difference between these two D col at n ϭ 0 gives the diameter of the inner part of the column that contains the dipeptide pore.
Structural Analysis of Oriented Fibers by XRD and Self-Assembly in
Solution by CD. Fig. 5 shows the combined small-and wide-angle XRD obtained from oriented fibers of dendritic alcohols and dendritic dipeptides with n ϭ 6-16. The assignment of these diffractions is shown in Fig. 5 . As observed from the DSC data in Fig. 2 all structures assembled from dendritic alcohols display a higher io than their corresponding supramolecular dendritic dipeptides. The dendritic dipeptides exhibit the highest io for n ϭ 6 and 8 followed by n ϭ 10. All supramolecular columns self-assembled from achiral dendritic alcohols and chiral dendritic dipeptides are helical. The helicity of the columns selfassembled from achiral dendritic alcohols provides definitive demonstration for our previous hypothesis that the helicity of the dendritic dipeptides is induced by their achiral dendrons (15, 16) . This self-assembly system relates to other processes in which a stereocenter selects the twist sense of a racemic helical structure (10, 23, 24) and is in agreement with the principles elaborated by Green et al. (25) . However, it differs from those in which a stereocenter induces helicity in an achiral nonhelical system (26) . Other examples of helical supramolecular dendrimers selfassembled from achiral dendrons are known (27, 28) . Therefore, as previously assumed, the stereochemistry of the dipeptide selects only the handedness of an already helical structure (15, 16) . The self-assembly of dendritic dipeptides with n ϭ 6-16 was monitored in a solvophobic mixture of solvents by CD (Fig. 6) and UV (Figs. 13 and 14 ) spectroscopies (15, 16) . The molecular solution of the dendritic dipeptide shows a positive Cotton effect at 230 nm (Figs. 13 and 14) . On cooling, self-assembly takes place and several positive and negative Cotton effects that were assigned to the aromatic part of the dendron (15, 16) appear. Two important events must be followed in Fig. 6 : first, the general trend of the ellipticity and the sign of the Cotton effects, and second, the melting temperature of the single column in solution. Particularly interesting is that the sign of the Cotton effects from 210 and 237 nm changes from negative in n ϭ 6 to positive in all other n. In n ϭ 6 the Cotton effects at 225 and 237 nm are both negative and give an overlapped Cotton effect centered at 231 nm. As n increases the Cotton effect at Ϸ237 nm becomes positive and its ellipticity increases. Although the CD of the self-assembled structure is not yet completely assigned, it demonstrates that variation of n induces changes in the intramolecular and supramolecular conformation of the aromatic part of the dendron. Melting temperature of the single supramolecular structure also depends on n and varies from 32.5°C for n ϭ 6 to 19°C for n ϭ 16. Therefore, the dendritic dipeptide with n ϭ 6 is more suitable for single-channel experiments performed in phospholipid vesicles than the dipeptide with n ϭ 12 that was used previously (15) .
Principles of Helical Pore Assembly. Fig. 7 shows the helical porous structure self-assembled from (4-3,4-3,5)6G2-CH 2 OH. The models of the top view of the single column strata self-assembled from (4-3,4-3,5)6G2-CH 2 OH and (4-3,4-3,5)6G2-CH 2 -Boc-LTyr-L-Ala-OMe are shown in Fig. 8 (Table 1) . The difference between D col of the column self-assembled from the dendritic dipeptide and dendritic alcohol, both at n ϭ 0, is Ϸ20 Å ( Table  1 and Fig. 3d ). This value represents the difference between the inner parts of the two columns that include the dipeptide and the pore. About 10 Å from this difference is caused by the thickness of the dipeptide (Fig. 8 Upper Right) that is 5 Å ϫ 2 ϭ 10 Å. The rest comes from the difference between the D pore of the dendritic dipeptide column and the dendritic alcohol column. For n ϭ 6 this difference is Ϸ10 Å ( Table 1) . The agreement between model and experimental data demonstrates that the structural model of the porous column is correct and suggests molecular strategies for pore design.
An inspection of Fig. 8 and Table 1 provides access to the fundamental principles of pore assembly from dendritic dipeptides. At the transition from dendritic alcohol to dendritic dipeptide the number of dendrons forming a column stratum () increases from 5.9 to 10, and subsequently D pore increases from 6.6 to 15.8 Å. Attaching the dipeptide to the apex of the dendritic alcohol decreases ␣Ј from 61°to 36° (Fig. 8) . This process is equivalent with the synthesis of a new dendron that has a primary structure that provides a smaller ␣Ј (18) . This concept is also in agreement with the change of ␣Ј via different protecting groups attached to the dipeptide (17) . In all these cases a decrease in ␣Ј increases , and this sequence increases the pore size of the column. However, the influence of within a homologous series of dendritic alcohols and dendritic dipeptides has the reversed effect (Table 1) . When ␣Ј decreases, D pore decreases in the series of supramolecular structures designed from both dendritic alcohols and dendritic dipeptides. A quantitative explanation of this unexpected and complex trend requires knowledge on the fractions of trans and gauche conformers of the methylenic units of the dendron as a function of n.
Conclusions
The results reported here and in previous publications (15) (16) (17) (18) demonstrate a complex mechanism for the self-assembly of supramolecular porous structures from dendritic dipeptides. This mechanism involves cooperativity (15) and allosteric regulation (16) . However, the currently generated data already provide the molecular principles required to address the molecular design of supramolecular helical porous structures with diameter controlled at the Å level from a single dendritic dipeptide primary structure via a combination of architectural motifs that involve dipeptide stereochemistry (15, 16) , protective groups (17) , and the number of methylenic units (n) from the periphery of the dendron. These results also provide strategies for the design of helical porous assemblies by the self-assembly of dendrons that contain other functional groups in addition to dipeptides at their apex. These design principles apply most probably to libraries of dendritic dipeptides containing multiple dendrons and dipeptides with various primary structures. We expect that these design principles will expand the scope and limitations of biologically inspired functions (15) created from porous protein mimics self-assembled from dendritic dipeptides and broaden the synthetic capabilities of dendrimers and dendrons (29) .
Materials and Methods
The synthesis of (4-3,4-3,5)nG2-CH 2 OH and (4-3,4-3,5)nG2-CH 2 -Boc-L-Tyr-L-Ala-OMe with n ϭ 1-16 was carried out as described (15) . The structural and retrostructural analysis methods used in these investigations were developed in our laboratory (15) and are elaborated in Supporting Text, which is published as supporting information on the PNAS web site, and Tables 3  and 4 .
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